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SHORT	ABSTRACT:	32	
We	present	a	protocol	 for	preparing	a	 two-layer	density-stratified	 liquid	 that	 can	be	 spun-up	33	
into	solid	body	rotation	and	subsequently	induced	into	Rayleigh-Taylor	instability	by	applying	a	34	
gradient	magnetic	field.	35	
	36	
LONG	ABSTRACT:	37	
Classical	 techniques	 for	 investigating	 the	Rayleigh-Taylor	 instability	 include	using	 compressed	38	
gasses1,	 rocketry2	 or	 linear	 electric	motors3	 to	 reverse	 the	 effective	 direction	 of	 gravity,	 and	39	
accelerate	 the	 lighter	 fluid	 toward	 the	 denser	 fluid.	 	 Other	 authorse.g.	 4–6	 have	 separated	 a	40	
gravitationally	 unstable	 stratification	 with	 a	 barrier	 that	 is	 removed	 to	 initiate	 the	 flow.		41	
However,	 the	 parabolic	 initial	 interface	 in	 the	 case	 of	 a	 rotating	 stratification	 imposes	42	
significant	technical	difficulties	experimentally.		We	wish	to	be	able	to	spin-up	the	stratification	43	
into	 solid-body	 rotation	 and	 only	 then	 initiate	 the	 flow	 in	 order	 to	 investigate	 the	 effects	 of	44	
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rotation	upon	the	Rayleigh-Taylor	instability.		The	approach	we	have	adopted	here	is	to	use	the	45	
magnetic	 field	 of	 a	 superconducting	 magnet	 to	 manipulate	 the	 effective	 weight	 of	 the	 two	46	
liquids	 to	 initiate	 the	 flow.	 	 We	 create	 a	 gravitationally-stable	 two-layer	 stratification	 using	47	
standard	 flotation	 techniques.	 	The	upper	 layer	 is	 less	dense	 than	 the	 lower	 layer	and	so	 the	48	
system	is	Rayleigh-Taylor	stable.		This	stratification	is	then	spun-up	until	both	layers	are	in	solid-49	
body	 rotation	 and	 a	 parabolic	 interface	 is	 observed.	 	 These	 experiments	 use	 fluids	with	 low	50	
magnetic	susceptibility,	|χ|	~	10-6	—	10-5,	compared	to	a	ferrofluid.		The	dominant	effect	of	the	51	
magnetic	field	is	to	apply	a	body	force	to	each	fluid	layer	changing	the	liquid’s	effective	weight.		52	
The	upper	 layer	 is	weakly	paramagnetic	and	the	 lower	 layer	 is	weakly	diamagnetic	so	 that	as	53	
the	magnetic	field	is	applied,	the	lower	layer	is	repelled	from	the	magnet	while	the	upper	layer	54	
is	attracted	toward	the	magnet.		The	upper	layer	behaves	as	if	it	is	heavier	than	it	really	is,	and	55	
the	lower	layer	behaves	as	if	it	is	lighter	than	it	really	is.		If	the	applied	gradient	magnetic	field	is	56	
large	enough,	the	upper	 layer	may	become	“heavier”	than	the	 lower	 layer	and	so	the	system	57	
becomes	Rayleigh-Taylor	unstable.	and	we	see	the	onset	of	the	Rayleigh-Taylor	instability.		We	58	
further	 observe	 that	 increasing	 the	 dynamic	 viscosity	 of	 fluid	 in	 each	 layer	 increases	 the	59	
observed	lengthscale	of	the	instability.	60	
	61	
INTRODUCTION:		62	
A	density	stratified	fluid	system	consisting	of	two	layers	can	be	arranged	in	a	gravitational	field	63	
in	 either	 a	 stable	 or	 an	 unstable	 configuration.	 	 If	 the	 dense	 heavy	 layer	 underlies	 the	 less	64	
dense,	light	layer	then	the	system	is	stable:	perturbations	to	the	interface	are	stable,	restored	65	
by	gravity,	and	waves	may	be	supported	on	the	interface.		If	the	heavy	layer	overlays	the	light	66	
layer	 then	the	system	 is	unstable	and	perturbations	 to	 the	 interface	grow.	 	This	 fundamental	67	
fluid	instability	is	the	Rayleigh-Taylor	instability7,8.		Exactly	the	same	instability	may	be	observed	68	
in	 non-rotating	 systems	 that	 are	 accelerated	 towards	 the	 heavier	 layer.	 	 Due	 to	 the	69	
fundamental	nature	of	the	instability	it	is	observed	in	very	many	flows	that	also	vary	greatly	in	70	
scale:	 from	 small-scale	 thin	 film	phenomena9	 to	 astrophysical	 scale	 features	 observed	 in,	 for	71	
example,	the	crab	nebula10,	where	finger-like	structures	are	observed,	created	by	pulsar	winds	72	
being	accelerated	through	denser	supernova	remnants.	 	 It	 is	an	open	question	as	to	how	the	73	
Rayleigh-Taylor	 instability	 can	 be	 controlled	 or	 influenced	 once	 the	 initial	 unstable	 density	74	
difference	has	been	established	at	an	interface.		One	possibility	is	to	consider	bulk	rotation	of	75	
the	 system.	 	 The	 purpose	 of	 the	 experiments	 is	 to	 investigate	 the	 effect	 of	 rotation	 on	 the	76	
system,	and	whether	this	may	be	a	route	to	stabilization.	77	
We	 consider	 a	 fluid	 system	 that	 consists	 of	 a	 two-layer	 gravitationally	 unstable	 stratification	78	
that	 is	 subject	 to	 steady	 rotation	 about	 an	 axis	 parallel	 to	 the	 direction	 of	 gravity.	 	 A	79	
perturbation	 to	 an	 unstable	 two-layer	 density	 stratification	 leads	 to	 baroclinic	 generation	 of	80	
vorticity,	 i.e.,	 overturning,	 at	 the	 interface,	 tending	 to	 break-up	 any	 vertical	 structures.		81	
However,	 a	 rotating	 fluid	 is	 known	 to	organize	 itself	 into	 coherent	 vertical	 structures	aligned	82	
with	 the	 axis	 of	 rotation,	 so-called	 ‘Taylor	 columns’11.	 Hence	 the	 system	 under	 investigation	83	
undergoes	competition	between	the	stabilizing	effect	of	the	rotation,	that	is	organizing	the	flow	84	
into	vertical	structures	and	preventing	the	two	layers	overturning,	and	the	destabilizing	effect	85	
of	 the	 denser	 fluid	 overlying	 the	 lighter	 fluid	 that	 generates	 an	 overturning	 motion	 at	 the	86	
interface.	 With	 increased	 rotation	 rate	 the	 ability	 of	 the	 fluid	 layers	 to	 move	 radially,	 with	87	
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opposite	 sense	 to	 each	 other,	 in	 order	 to	 rearrange	 themselves	 into	 a	 more	 stable	88	
configuration,	 is	 increasingly	 inhibited	 by	 the	 Taylor-Proudman	 theorem12,13:	 the	 radial	89	
movement	 is	reduced	and	the	observed	structures	that	materialize	as	the	 instability	develops	90	
are	smaller	in	scale.		Fig.	1	shows	qualitatively	the	effect	of	the	rotation	on	the	eddies	that	form	91	
as	 the	 instability	 develops.	 	 In	 the	 left	 hand	 image	 there	 is	 no	 rotation	 and	 the	 flow	 is	 an	92	
approximation	to	classical	non-rotating	Rayleigh-Taylor	 instability.	 	 In	the	right	hand	image	all	93	
experimental	parameters	are	 identical	 to	the	 left	hand	 image	except	that	the	system	is	being	94	
rotated	about	a	vertical	axis	aligned	with	the	center	of	the	tank.		It	can	be	seen	that	the	effect	95	
of	the	rotation	is	to	reduce	the	size	of	the	eddies	that	are	formed.		This,	 in	turn,	results	 in	an	96	
instability	that	develops	more	slowly	than	the	non-rotating	counterpart.	97	
	98	
The	magnetic	effects	that	modify	the	stress	tensor	in	the	fluid	may	be	regarded	as	acting	in	the	99	
same	way	 as	 a	modified	 gravitational	 field.	We	 are	 therefore	 able	 to	 create	 a	 gravitationally	100	
stable	 stratification	 and	 spin	 it	 up	 into	 solid	 body	 rotation.	 	 	 The	 magnetic	 body	 forces	101	
generated	 by	 imposing	 the	 gradient	 magnetic	 field	 then	 mimic	 the	 effect	 of	 modifying	 the	102	
gravitational	field.		This	renders	the	interface	unstable	such	that	the	fluid	system	behaves,	to	a	103	
good	approximation,	as	a	classical	Rayleigh-Taylor	instability	under	rotation.		This	approach	has	104	
been	 previously	 attempted	 in	 two	 dimensions	without	 rotation14,15.	 	 For	 an	 applied	 gradient	105	
magnetic	 field	 with	 induced	 magnetic	 field	 B,	 the	 body	 force	 applied	 to	 a	 fluid	 of	 constant	106	
magnetic	volume	susceptibility	χ	is	given	by	f	=	grad(χB2/μ0),	where	B	=	|B|	and	μ0	=	4π	×	10-7	N	107	
A-2	 is	 the	 magnetic	 permeability	 of	 free-space.	 	 We	 may	 therefore	 consider	 the	 magnet	 to	108	
manipulate	the	effective	weight	of	each	fluid	layer,	where	the	effective	weight	per	unit	volume	109	
of	a	fluid	of	density	ρ	in	a	gravitational	field	of	strength	g	is	given	by	ρg	-	χ	(∂B2/∂z)/(2	μ0).	110	
	111	
PROTOCOL:		112	
NOTE:	 The	 experimental	 apparatus	 is	 shown	 schematically	 in	 Fig.	 2.	 	 The	 main	 part	 of	 the	113	
apparatus	consists	of	a	 rotating	platform	(300	mm	×	300	mm)	mounted	on	a	copper	cylinder	114	
(55	 mm	 diameter)	 that	 descends	 under	 its	 own	 weight	 into	 the	 strong	 magnetic	 field	 of	 a	115	
superconducting	magnet	(18	T)	with	a	room	temperature	vertical	bore.		The	platform	is	made	116	
to	 rotate	 via	 an	 off-axis	 motor	 that	 turns	 a	 slip-bearing	 with	 a	 keyhole	 orifice.	 The	 copper	117	
cylinder	is	attached	to	a	key-shaped	drive	shaft	that	simultaneously	rotates,	and	descends	once	118	
the	holding-pin	is	removed.		119	
	120	
1)	Preparation	of	non-standard	equipment	121	
1.1)	Flotation	boat	122	
1.1.1)	 Make	 the	 size	 of	 the	 boat	 such	 that	 it	 fits	 comfortably	 within	 the	 experimental	 tank	123	
without	touching	the	sides.	124	
NOTE:	The	flotation	boat	(see	Fig.	3)	consists	of	polystyrene	walls	and	a	sponge	base.	125	
	126	
1.1.2)	Protect	the	sponge	with	a	layer	of	strong	tissue	paper.		127	
NOTE:	 The	purpose	of	 the	 tissue	paper	 is	 to	dissipate	 as	much	 vertical	momentum	 from	 the	128	
fluid	poured	into	the	boat	as	possible.	129	
	130	
2)	Preparation	of	Experiment	131	
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	132	
2.1)	Preparation	of	liquid	layers	133	
	134	
2.1.1)	Allow	distilled	water	to	come	up	to	laboratory	temperature	(22	+/-	2	C).		Approximately	135	
650	ml	is	required	for	each	experimental	realization.	136	
NOTE:	Allowing	the	mixture	to	equilibrate	prevents	formation	of	bubbles	in	the	experiment	due	137	
to	exsolving	air.	138	
	139	
2.1.2)	 Separate	 the	 distilled	 water	 into	 equal	 volumes	 in	 two	 separate	 containers,	A	 and	 B,	140	
which	will	be	used	to	prepare	liquid	for	the	dense	lower	layer	and	light	upper	layer	respectively.	141	
	142	
2.1.3)	Ex-situ	preparation	of	dense	lower	layer.		To	the	contents	of	container	A:	143	
	144	
2.1.3.1)	Add	NaCl	to	achieve	a	concentration	of	0.43	mol	NaCl	per	liter	of	water	(approximately	145	
25	g	of	NaCl	per	liter	of	water	will	be	required);	146	
	147	
2.1.3.2)	 Add	 0.33	 g	 red	 and	 blue	water-tracing	 dyes	 to	 the	 lower	 layer	 container	 (e.g.,	 Cole-148	
Parmer	00295-16	&	-18);	149	
	150	
2.1.3.3)	Add	0.1	g	l-1	fluorescein	sodium.		151	
NOTE:	 The	 lower	 layer	 will	 be	 now	 be	 opaque	 in	 appearance	 and	 have	 a	 density	 of	152	
approximately	1012.9	+/-	1.2	kg	m-3.	153	
	154	
2.1.4)	Ex-situ	preparation	of	light	upper	layer.		To	the	contents	of	container	B:	155	
	156	
2.1.4.1)	 Add	 MnCl2	 salt	 to	 achieve	 a	 concentration	 of	 0.06	 mol	 MnCl2	 per	 liter	 of	 water	157	
(approximately	12	g	of	MnCl2	per	liter	of	water);	158	
NOTE:	The	upper	layer	will	be	transparent	in	appearance	and	have	a	density	of	approximately	159	
998.2	+/-	0.5	kg	m-3.	160	
	161	
2.1.5)	 To	 vary	 the	 viscosity	of	 the	 fluid	 layers,	 add	glycerol	C3H8O3	 in	equal	 amounts	 to	each	162	
layer	 until	 the	desired	 viscosity	 is	 attained.	 	 Typical	 viscosities	 lie	 in	 the	 range	1.00	 ×	 10-3	—	163	
21.00	×	10-3		Pa	s.		The	viscosity	of	each	layer	is	the	same.	164	
NOTE:	The	mixtures	may	be	safely	stored	in	their	separate	containers	until	required.	165	
	166	
2.1.6)	Ex-situ	preparation	of	density	stratification.	167	
	168	
2.1.6.1)	Add	300	ml	of	the	contents	of	container	A	to	the	cylindrical	inner	tank	(see	Fig.	2).	169	
	170	
2.1.6.2)	Immerse	the	flotation	boat's	sponge	in	fluid	from	container	B.	171	
NOTE:	After	(2.1.6.2)	the	procedure	is	time	sensitive,	so	do	not	carry	out	any	further	steps	until	172	
all	the	magnet	and	the	lighting,	recording	and	mechanical	mechanisms	are	ready.	173	
	174	
2.1.6.3)	 Lift	 the	 flotation	 boat	 out	 of	 the	 container	 B	 and,	 when	 it	 has	 stopped	 dripping,	175	
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carefully	place	the	flotation	boat	on	top	of	the	layer	of	dense	fluid	in	the	inner	cylindrical	tank.	176	
	177	
2.1.6.4)	Begin	to	add	light-layer	fluid	from	container	B	to	the	flotation	boat	at	a	flow	rate	of	3	178	
ml/min.	 	Gradually	 increase	 this	 flow	 rate	 as	 the	 flotation	 boat	 lifts	 away	 from	 the	 interface	179	
between	the	two	layers.		Maintain	a	slow	enough	flow	rate	that	the	interface	is	not	disturbed	180	
by	the	increased	momentum	of	the	fluid	flow,	but	fast	enough	that	this	process	takes	no	more	181	
than	20	min.		Keep	filling	until	the	upper	layer	contains	320	ml	of	fluid.	182	
NOTE:	The	lower	layer	will	be	at	a	depth	of	approximately	33	mm,	and	the	upper	layer	will	be	at	183	
a	depth	of	approximately	39	mm.	184	
	185	
2.1.6.5)	Carefully	 lower	 the	 lucite	 lid	 into	 the	upper	 layer	 such	 that	 the	 layer	depths	of	 each	186	
layer	 are	 equal.	 	 Allow	 fluid	 and	 air	 to	 flow	 through	 the	 bleed	 holes,	 ensuring	 that	 no	 air	 is	187	
trapped	beneath.		Observe	a	layer	(approx	6	mm)	of	clear	light	layer	liquid	on	top	of	the	lucite	188	
lid.	189	
NOTE:	If	the	process	has	been	successful	there	will	be	two	layers	of	liquid	of	equal	depth	with	a	190	
sharp	interface	between	them.		The	thickness	of	the	diffusion	layer	at	the	interface	will	be	less	191	
than	2	mm	at	this	stage.	192	
	193	
2.1.7)	Fill	the	outer	tank	with	clear	distilled	water	to	a	height	6	mm	above	the	lucite	lid	of	the	194	
inner	 tank.	 	 Upon	 observing	 square-on	 there	will	 be	 no	 curvature-induced	 parallax	 resulting	195	
from	the	inner	cylindrical	tank.	196	
NOTE:	 Since	 the	 liquids	 in	 each	 layer	 are	 continuously	 diffusing	 across	 the	 interface	 at	 this	197	
point,	proceed	immediately	to	the	following	steps.	198	
	199	
2.2)	Spin-up	of	the	stratification	200	
	201	
2.2.1)	Place	the	experimental	tank	on	the	platform.	202	
	203	
2.2.2)	Position	the	arrangement	with	the	copper	cylinder	in	the	bore	of	the	magnet,	the	drive	204	
shaft	through	the	keyhole	orifice	in	the	track	and	the	holding	pin	in	position.		Ensure	that	the	205	
tank	 is	 far	 away	 (60	 cm)	 from	 the	magnet	 such	 that	 the	magnetic	 forces	 on	 the	 liquids	 are	206	
negligible	at	this	position.			207	
NOTE:	 Carrying	 the	 experimental	 tank	 containing	 the	 stratification	 presents	 few	 difficulties;	208	
long,	 low	amplitude,	 sloshing	waves	 set	up	by	walking	with	 the	 tank	will	 decay	away,	having	209	
negligible	effect	on	the	quality	of	the	interface	achieved	when	floating	the	upper	layer	on.	210	
	211	
2.2.3)	Turn	on	the	motor,	increasing	the	rate	of	rotation	at	0.002	rad	s-2,	spinning-up	the	fluid	to	212	
the	desired	rotation	rate.		For	the	rotation	rates	in	16	the	spin-up	time	was	of	the	order	20	min	213	
—	60	min.		The	fastest	rotation	rate	used	was	13.2	rad	s-1.	214	
	215	
3)	Execution	of	experiment	216	
3.1.1)	Ensure	that	 the	magnet	 is	 indicating	a	 field	strength	of	1.2	T,	and	that	at	 the	height	at	217	
which	the	 instability	 is	 initiated	the	field	gradient	 is	 (grad	B2)/2	=	 -14.3	T2	m-1,	where	B	 is	 the	218	
magnetic	induction.	219	
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	220	
3.1.2)	Ensure	that	the	video	camera	is	arranged	such	that	when	the	drive	shaft	is	in	its	lowest	221	
position	either	the	side	view	of	the	experiment	is	in	focus,	or	a	plan	view	is	in	focus	through	a	222	
mirror	placed	above	the	experiment.	223	
	224	
3.1.3)	Ensure	the	ambient	lighting	is	at	the	correct	levels,	such	that	none	of	the	image	captured	225	
by	the	camera	is	saturated,	but	that	the	full	response	is	used	(grayscale	intensities	in	the	range	226	
0—255).	227	
	228	
3.1.4)	 Begin	 video	 recording	 (240	 fps).	 	Use	 a	 remote	 control	 to	 prevent	moving	 the	 camera	229	
while	operating	the	record	function.	230	
	231	
3.1.5)	Remove	the	holding	pin,	allowing	the	tank	to	descend,	while	rotating,	into	the	magnetic	232	
field.	233	
	234	
4)	Reset	experiment	235	
	236	
4.1)	Reset	experimental	rig	237	
	238	
4.1.1)	Use	the	remote	control	to	stop	the	video	recording.	239	
	240	
4.1.2)	Save	the	movie	file	to	disk.	241	
	242	
4.1.3)	 By	 hand,	 lower	 the	 voltage	 to	 the	motor	 so	 that	 it	 slows	 to	 a	 standstill.	 	 Perform	 this	243	
gradually	so	as	to	prevent	spillages.	244	
	245	
4.1.4)	Remove	experimental	arrangement	from	magnet.	246	
	247	
4.1.5)	Dispose	of	 the	mixed	 liquid	 layers	appropriately	 (see	Manganese	Chloride	Tetrahydrate	248	
MSDS).	249	
	250	
4.1.6)	Rinse	the	tank	with	water	(it	does	not	need	to	be	distilled),	until	all	traces	of	salts	have	251	
been	washed	away.		Avoid	direct	skin	contact	with	liquids.	252	
	253	
4.1.7)	 Dry	 the	 tank	 carefully	 with	 tissue	 paper	 to	 ensure	 that	 no	 residue	 is	 left	 that	 may	254	
contaminate	subsequent	experiments.	255	
	256	
5)	Image	Processing	257	
	258	
5.1)	 Extract	 the	 individual	 images	 from	 each	 movie	 frame	 and	 save	 in	 lossless	 .png	 format.		259	
Mask	out	any	unwanted	areas	of	each	frame,	for	example	the	platform	or	copper	cylinder.	260	
	261	
5.2)	Calculate	the	two-dimensional	auto-correlation	function16	of	each	image	frame	for	2	s	after	262	
initiation	of	the	instability	using	a	discrete	Fast	Fourier	Transform.		Record	the	minimum,	mean,	263	
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and	maximum	value	of	 the	observed	wavelength	 for	 the	 rotation	rate	of	 the	experiment	and	264	
the	viscosity	of	the	fluid	layers.	265	
	266	
REPRESENTATIVE	RESULTS:		267	
Fig.	 4	 shows	 the	development	of	 the	Rayleigh-Taylor	 instability	 at	 the	 interface	between	 the	268	
two	fluids,	for	four	different	rotation	rates:	Ω	=	1.89	rad	s-1	(top	row),	Ω	=	3.32rad	s-1,	Ω	=	4.68	269	
rad	s-1,	and	Ω	=	8.74	rad	s-1	(bottom	row).	The	interface	is	shown	evolving	in	time	from	t	=	0	s	270	
(left	 hand	 column)	with	 increments	 of	 0.5	 s	 to	 t	 =	 3.0	 s	 (right	 hand	 column).	 The	 right	 hand	271	
column	therefore	represents	0.90,	1.59,	2.23,	and	4.17	complete	revolutions	respectively	from	272	
top	to	bottom	row.		273	
At	 early	 times	 (t	 ~	 0.5–1.0	 s)	 a	 perturbation	 to	 the	 interface	 can	 be	 seen	 which	 exhibits	 a	274	
dominant	length	scale.	Structures	reminiscent	of	snake-like	convection	rolls17	can	be	observed.	275	
Despite	the	center	of	the	tank	becoming	unstable	first	there	is	no	clear	initiation	at	the	center	276	
of	the	tank;	the	instability,	to	a	good	approximation,	is	initiated	across	the	whole	extent	of	the	277	
tank.	(At	the	highest	rotation	rate	some	reflection	from	the	lighting	rig	can	be	observed,	this	is	278	
unavoidable	with	the	 implemented	configuration	and	occurs	due	to	the	curvature	of	 the	 free	279	
surface	of	the	fluid	above	the	tank	lid.)		280	
It	is	apparent	that	with	an	increase	in	rotation	rate,	the	observed	instability	decreases	in	length	281	
scale.	At	the	lower	rotation	rates	the	paths	followed	by	the	initial	disturbance	structures	have	282	
significant	radial	deviation,	meandering	in	towards	the	center	of	the	tank	and	back	out	to	the	283	
side	walls	again.	At	the	lowest	rotation	rates	the	instability	is	more	cellular	than	serpentine.	As	284	
the	rotation	rate	is	increased	the	cellular	initial	perturbation	is	no	longer	observed	and	a	more	285	
serpentine-like	 structure	appears.	With	 increasing	 rotation	 rate	 the	width	of	 these	 structures	286	
decreases.	It	can	also	be	observed	that	the	amount	of	radial	meandering	decreases	too.	It	can	287	
be	 seen	 that,	 for	 the	 rotation	 rates	 shown,	 the	 instability	 develops	 radially	 first	 with	 the	288	
azimuthal	perturbations	becoming	more	pronounced	as	time	evolves.	By	the	time	t	≈	3.0	s	it	is	289	
difficult	to	distinguish	which	structures	arose	due	to	a	radial	or	azimuthal	perturbation.		290	
The	 key	 observation	 from	 the	 images	 is	 that	 the	 observed	 length	 scale	 of	 the	 structures	 is	291	
smaller	 for	greater	 rotation	rates.	 	We	can	also	see	 the	strength	of	 the	 technique	 in	 that	 the	292	
instability	does	not	develop	from	a	vortex	sheet	created	by	a	lock-removal.		293	
Fig.	5	shows	images	from	a	series	of	experiments	keeping	the	rotation	rate	fixed	(Ω	=	7.8	±	0.1	294	
rad	s-1),	but	varying	the	fluid	viscosity.	The	ratio	of	the	viscosity	of	each	layer	compared	to	the	295	
viscosity	of	water,	μ/μw,	varies	from	1.00	(top	row)	to	20.50	(bottom	row)	and	the	time	of	each	296	
image	 varies	 from	 t	 =	 0	 s	 (left	 column)	 to	 t	 =	 1.5	 s	 (right	 column).	 It	 is	 apparent	 that	 as	 the	297	
viscosity	of	the	two	layers	is	increased	the	observed	length	scale	increases.	In	the	most	viscous	298	
case	shown	the	observed	length	scale	 is	approximately	18	mm	compared	to	the	6	mm	length	299	
scale	observed	in	the	least	viscous	case.	It	can	also	be	seen	that	in	the	most	viscous	case	there	300	
appears	to	be	a	strong	wall	effect.		We	observe	a	general	trend	from	short	to	long	wavelength	301	
instability	as	viscosity	is	increased.	302	
	303	
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The	 observed	 instabilities	 have	 a	 wavelength	 which	 changes	 slowly	 in	 time	 and	 which	 we	304	
measure	experimentally	via	an	auto-correlation	of	each	image	in	the	movie	of	the	experiment.		305	
The	 auto-correlation	 is	 computed	 from	a	 two-dimensional	 discrete	 Fast	 Fourier	 Transform	of	306	
the	 image	 intensity.	 	 Light	 regions	 of	 the	 image	 represent	 peaks	 in	 the	 instability,	 and	 dark	307	
regions	 indicate	 troughs.	 	 A	maximum	 in	 the	 auto-correlation	 is	 therefore	 a	measure	 of	 the	308	
instability	 wavelength	 that	 is	 of	 key	 importance	 as	 the	 dispersion	 relation	 for	 the	 Rayleigh-309	
Taylor	 instability	 shows	 that	 the	growth	 rate	of	 a	 given	mode	of	 instability	depends	upon	 its	310	
wavelength.	 	 Fig.	 6	 shows	 representative	 measurements	 of	 the	 observed	 wavelength	 of	311	
instability	 for	 varying	 rotation	 rates.	 	 We	 observe	 that	 as	 the	 rotation	 rate	 increases	 the	312	
observed	wavelength	of	 instability	decreases	 to	a	 lower	 threshold	of	 approximately	6mm	 for	313	
rotation	rates	greater	than	approximately	4	rad	s-1.	314	
		315	
FIGURE	LEGENDS:		316	
Figure	1:	Qualitative	effect	of	rotation	on	the	Rayleigh-Taylor	Instability.	The	image	on	the	left	317	
hand	 side	 is	 of	 the	 Rayleigh-Taylor	 instability	 developing	 in	 a	 non-rotating	 system.	 The	318	
instability	 develops	 in	 time,	 forming	 large	 vortices	 that	 transport	 the	 ‘denser’	 (green)	 fluid	319	
downwards.	 The	 image	on	 the	 right	 hand	 side	 is	 of	 the	 same	 fluids,	 and	 therefore	 the	 same	320	
gravitational/magnetic	instability,	but	here	the	system	is	rotating.	The	effect	of	the	rotation	can	321	
be	seen	to	restrict	 the	size	of	 the	vortices	 that	 form	and	 inhibit	 the	bulk	vertical	 transport	of	322	
fluid.	The	times	shown	are	1.92	s	and	3.52	s	after	initiation	on	the	left	hand	side	and	right	hand	323	
side	respectively.	 	The	tank	diameter	 is	90	mm,	and	the	rotation	rate	 in	the	right	hand	image	324	
was	2.38	rad	s-1.		325	
	326	
Figure	 2:	 Experimental	 set-up.	 A	 cylindrical	 tank	 contains	 the	 two	 liquid	 layers.	 	 A	 Lucite	 lid	327	
forms	a	solid	 lid	for	the	two	layers.	 	Fluid	above	the	 lid	helps	to	remove	reflections	and	glare	328	
from	the	Lucite.		The	cylindrical	tank	is	immersed	in	distilled	water	in	a	rectangular	outer	tank.		329	
These	 tanks	 are	 placed	 on	 a	 platform	 and	 spun-up	 above	 the	 magnet	 where	 the	 magnetic	330	
forces	are	negligible.	 	The	platform	 is	 spun	by	an	off-center	motor	 rotating	a	keyhole	shaped	331	
slip-bearing.		To	begin	the	experiment	the	pin	is	removed	and	the	experiment	descends	under	332	
its	own	weight	into	the	magnetic	field,	simultaneously	rotating.		(This	figure	has	been	modified	333	
from	16.)	334	
	335	
Figure	 3:	 Flotation	 “Boat”.	 The	 flotation	 boat	 is	 made	 by	 hot-gluing	 a	 dense	 sponge	 layer	336	
(yellow)	to	the	underside	of	polystyrene	walls	 (gray)	 to	make	a	“boat”.	 	The	 light	upper	 layer	337	
fluid	 will	 slowly	 diffuse	 through	 the	 sponge,	 floating	 on	 top	 of	 the	 dense	 lower	 layer	 with	338	
minimal	mixing	between	the	two	layers.		The	stratification	can	be	further	improved	by	placing	a	339	
layer	of	tissue	paper	(blue)	on	top	of	the	sponge	layer	to	further	diffuse	the	momentum	of	the	340	
incoming	light	fluid	layer.	341	
	342	
Figure	 4:	 A	 sequence	 of	 images	 of	 the	 developing	 instability	 from	 the	 second	 series	 of	343	
experiments	 demonstrating	 the	 effect	 of	 increasing	 rotation	 rate.	 The	 rates	 of	 rotation	344	
increase	from	Ω	=	1.89	rad	s-1	in	the	top	row	to	Ω	=	8.74	rad	s-1	in	the	bottom	row.	The	times	345	
shown	 are	 measured	 from	 the	 time	 that	 the	 onset	 of	 instability	 is	 observed.	 The	 scale	 bar	346	
shows	a	length	of	10	cm	in	steps	of	1	cm.		The	diameter	of	the	black	circle	represents	a	length	347	
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of	10.7	cm.		(This	figure	has	been	modified	from	16.)	348	
	349	
Figure	5:	A	sequence	of	images	showing	the	effect	of	varying	fluid	viscosity	on	the	instability.		350	
The	rotation	rate	was	fixed	at	Ω	=	7.8	±	0.1	rad	s-1	for	each	experiment,	and	the	time	shown	is	351	
at	 intervals	 of	 1.5.	 The	 middle	 row	 shows	 the	 instability	 in	 a	 system	 that	 has	 viscosity	352	
approximately	 8.36	 times	 that	 of	 water.	 In	 the	 top	 row	 the	 viscosity	 of	 the	 system	 is	353	
approximately	 20.50	 times	 that	 of	 water.	 It	 can	 be	 seen	 that	 the	 observed	 length	 of	 the	354	
instability	scale	increases	with	increasing	fluid	viscosity.		The	scale	bar	shows	a	length	of	10	cm	355	
in	steps	of	1	cm.		The	diameter	of	the	black	circles	represents	a	length	of	10.7	cm.		(This	figure	356	
has	been	modified	from	16.)	357	
	358	
Figure	6:	The	dominant	observed	wavelength	at	 the	onset	of	 the	 instability.	 	We	observe	a	359	
lower	 threshold	 for	 the	 scale	 of	 the	 instability	 at	 approximately	 6	mm	 for	 all	 rotation	 rates	360	
greater	 than	 approximately	 4	 rad	 s-1.	 	 The	 error	 bars	 indicate	 maximum	 and	 minimum	361	
measured	wavelength	over	the	first	2	seconds	after	initiation	of	the	instability.		(This	figure	has	362	
been	modified	from	16.)	363	
	364	
DISCUSSION:		365	
There	are	two	critical	steps	within	the	protocol.		The	first	is	2.1.6.4.		If	the	light	layer	is	floated	366	
on	 the	dense	 layer	 too	 rapidly	 then	 irreversible	mixing	 of	 the	 two	miscible	 fluid	 layers	 takes	367	
place.	 	 It	 is	essential	that	this	is	avoided	and	that	a	sharp	(<2	mm)	interface	between	the	two	368	
layers	 is	achieved.	 	The	second	critical	step	 is	3.1.5.	 	 If	 the	experiment	 is	released	toward	the	369	
magnet	without	being	 fully	 spun-up	 into	 solid	body	 rotation	or	without	 the	 visualization	and	370	
image	capture	apparatus	in	position	and	on	stand-by	then	repeat	the	procedure	(2.1.6).	371	
	372	
The	composition	of	 the	 liquid	 layers,	 the	magnetic	 field	strength	and	 the	motor	performance	373	
can	 all	 be	 verified	 prior	 to	 beginning	 to	 make	 the	 stratification	 (2.1.6).	 	 Most	 practical	374	
difficulties	 can	 therefore	 be	 resolved	 before	 commencing	 any	 given	 experiment.	 	 We	 have	375	
found	 a	 small	 and	 undesirable	 variation	 in	 descent	 speed	 into	 the	 magnet	 field	 however.		376	
Typically,	faster	rotating	experiments	descend	slightly	more	slowly	into	the	magnetic	field	than	377	
slowly	rotating	experiments.		It	may	be	necessary	to	modify	the	slip	bearing	though	we	found	378	
greasing	did	not	help	 reduce	 the	variability	 in	descent	 speed.	 	We	 found	 that	placing	a	 small	379	
(non-magnetic)	 weight	 on	 the	 platform	 allowed	 us	 to	 achieve	 consistent	 descent	 speeds	 of	380	
10±1	mm	s-1	for	all	of	the	experiments.	381	
	382	
The	 main	 limitation	 of	 the	 apparatus	 is	 that	 the	 magnetic	 field	 cannot	 be	 applied	383	
instantaneously;	the	superconducting	magnet	requires	1-2	hours	to	energize.		Ideally,	once	the	384	
fluid	layers	are	spun-up	we	would	instantly	apply	a	strong	uniform	magnetic	field	to	the	tank	to	385	
trigger	 the	 instability.	 	 For	 this	 reason,	 in	 this	 experiment,	 the	 tank	was	 lowered	 at	 uniform	386	
velocity	into	the	magnetic	field.	387	
	388	
Despite	the	necessity	for	lowering	the	experiment	into	the	magnetic	field,	this	technique	has	a	389	
number	of	advantages	over	established	methods.		The	method	is	both	smooth,	unlike	rocketry	390	
methods2,		and	requires	no	lock,	as	with	LEM	methods3,	but	unlike	lock-release	methods.		This	391	
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is	a	significant	advantage	in	rotating	Rayleigh-Taylor	flow	as	the	initial	spun-up	state	of	the	fluid	392	
layers	has	a	paraboloidal	interface.		Furthermore,	by	not	having	a	lock	the	difficulties	associated	393	
with	 the	 imparted	 vortex	 sheet	 induced	 by	 lock-removal	 are	 avoided.	 	 We	 believe	 our	394	
experiments	to	be	the	first	experimental	realization	of	the	effects	of	rotation	on	the	Rayleigh-395	
Taylor	instability.	396	
	397	
Our	technique	has	been	developed	with	a	view	to	applications	in	classical	fluid	mechanics	thus	398	
far.	 	We	have	used	weakly	paramagnetic	and	diamagnetic	 liquids	 to	manipulate	 the	effective	399	
weight	of	fluid	parcels.	 	We	have,	to	date,	been	able	therefore	to	consider	the	magnetic	field	400	
and	the	fluid	mechanics	to	be	de-coupled.		Future	directions	for	research	using	this	technique	401	
include	considering	the	behavior	of	ferrofluids	and	their	 interaction	with	the	magnetic	field	in	402	
the	rotating	Rayleigh-Taylor	instability	set-up,	where	this	de-coupling	is	no	longer	valid.	403	
	404	
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